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1972.-The oxidation of L-amino-14C acids was studied in isolated diaphragms from fed and fasted rats. During a 90-min incubation, diaphragms from fed rats produced 14C02 from leucine-l-14C, isoleucine-1 -14C, valine-1 -14C, alanine-P4C, glutamate-U-14C, and aspartate-U-14C at a comparable or greater rate than they incorporated label into protein.
By contrast, muscle degraded to CO2 less than 5% of the glycine, serine, and proline entering the tissue and none of the threonine, lysine, methionine, phenylalanine, histidine, tyrosine, and tryptophan. of the leucine entering skeletal muscle is oxidized to 14C02 (Z), and it appears likely that muscle is the major site for catabolism of leucine in the body (22). To determine whether muscle also degrades other amino acids, we have studied the metabolism of the other amino acids in isolated rat diaphragm.
These investigations confirm and extend the observations of Manchester (17) that oxidation to CO2 is an important metabolic pathway for certain amino acids in muscle.
Although many factors are known to influence protein synthesis in skeletal muscle, virtually nothing is known concerning the control of amino acid oxidation in this tissue, and even the physiological significance of this process is presently unclear.
We have therefore studied amino acid metabolism in diaphragms from normally growing rats and in those from fasting ones. In fasting animals, there occurs a marked reduction in protein synthesis (31-33) and a net loss of muscle mass (21). These experiments demonstrate that food supply to the organism can also influence the rate of amino acid catabolism in skeletal muscle and suggest that increased catabolism of the. branched-chain amino acids may constitute an important adaptation to starvation.
In order to examine the generality of this adaptation, we have also investigated the ability of other tissues to degrade leucine upon food deprivation. in Krebs-Ringer bicarbonate buffer as described in the preceding study (22) . Slices of liver and kidney were incubated as described previously (22). Unless otherwise stated, each amino acid was studied separately and was present in the incubation medium at a concentration of 0.1 mM (approximately the average concentration of the amino acids in rat plasma (13)) and no other carbon source, other than the amino acid under study, was present in the medium. After incubation for 90 min, the radioactivity in CO2, protein, and the trichloroacetic acid (TCA)-soluble fraction was measured as described previously (22). The amount of 14C recovered in each fraction is expressed as 1 O-lo moles of amino acid per milligram wet weight of muscle calculated from the specific activity in the medium. The total amino acid uptake represents the sum of 14C recovered in CO2, in the TCA-soluble pool, and in protein.
RESULTS
Diaphragms of normal rats. As shown in Table 1 , the diaphragm metabolized the various amino acids in very different fashions. No significant 14C0 2 production was observed from a number of amino acids, including threonine, lysine, methionine, phenylalanine, histidine, tyrosine, and tryptophan. From serine, glycine, and proline, CO2 production, though measurable, accounted for less than 5 % of the radioactivity recovered from the muscle. These results thus are clearly different from the finding in the preceding paper TABLE   1 . Metabolism of amino acids in diaphragm from fed rats covered in CO2 to that in protein was 3.7 for alanine, 8.2 for glutamate, and 8.0 for aspartate (Table 1 ).
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Tryptophan-3-14C from fasted rats in which growth has stopped and there occurs net decrease in muscle mass. Rats initially weighing 65-105 g were deprived of food for 67 hr but were allowed free access to water. The animals lost on the average 24 =t 6 g, equivalent to 28 =!I 7 % of their initial weight. The diaphragm decreased in weight in proportion to the loss in body mass. On the 3rd day of food deprivation, the rats were sacrificed and their diaphragms removed. Production of 14C0 2, incorporation into protein, and 14C content of the TCA-soluble pool were then measured in these tissues incubated with most of the amino acids studied in Table 1 . To simplify comparison, the data on muscles from starved rats ( Table 2 ) are also shown relative to analogous measurements on diaphragms from fed rats ( Table 3) .
The diaphragms of the fasted animals incorporated 50-80 % less of the labeled amino acids into protein than diaphragms of fed rats (Table 2) . These results are in accord with previous observations of Wool and co-workers (31-33). In related studies (unpublished data), we have found that the intracellular specific activities of both tyrosine and leutine were not significantly different in diaphragms from fed and fasted rats incubated under these conditions. Together these findings strongly suggest a decreased rate of protein synthesis, which presumably contributes to the loss of muscle weight during starvation (21). Despite their decreased   TABLE   2 . iMetabolism of amino acids in diaphragm from fasted rats
Glutamate-UJ4C
Glycine-UJ4C amino acid incorporation, the diaphragms of starved rats did not show a reduced rate of uptake of all the amino acids. The total amount of glycine, serine, and proline as well as the dicarboxylic amino acids recovered from muscles of starving animals was less than from controls, in accord with the decreased rate of amino acid incorporation.
However, the uptake of alanine did not appear to decrease upon starvation.
Furthermore, the total amount of the branchedchain amino acids taken up by such muscles was significantly greater than by controls ( Table 2) .
The increased uptake of the branched-chain amino acids did not reflect greater intracellular accumulation, since the amount of labeled leucine, isoleucine, and valine recovered in the TCA-soluble pools did not differ in the two groups. However, the diaphragms of fasted rats showed a markedly greater rate of oxidation of these amino acids. As a result of starvation, 14C0 2 production by diaphragm increased 2.7-fold from leucine, 4.6-fold from valine, and 4.5-fold from isoleucine.
Since incorporation of these residues into protein fell, the ratio of label recovered in CO2 relative to that in protein rose from less than 1.0 in muscles of control rats (Table 1) to a value of 6.4 for leucine, 4.9 for valine, and 16.5 for isoleucine (Table 2) . Thus, relative to protein synthesis, the degradative pathway for the branchedchain amino acids appears about lo-20 times more active in muscles of fasted rats than controls.
Production of 14C02 from alanine-1-14C also increased by 43 % (P < 0.05) in diaphragms of starved animals (Tables  2 and 3 ). This effect was more variable and less marked than the changes observed with the branched-chain amino acids. At the same time, accumulation of alanine in the intracellular pools and incorporation into protein decreased. Thus, the ratio of 14C recovered in CO2 relative to that in protein increased from 3.7 in fed rats to 11.8 in the fasted animals. In contrast to the branched-chain amino acids or alanine, the other amino acids studied here did not appear to be oxidized at a greater rate by muscles from starved (Tables 2 and 3 ). Upon fasting, production of 14C02 from glutamate-U -14C was unchanged and from aspartate-UJ4C was decreased, whereas incorporation of both these residues into protein fell markedly.
Thus, for the dicarboxylic amino acids, the ratio of 14C recovered as CO2 to that in protein was at least twofold greater in the fasted animals than in controls. Like the dicarboxylic amino acids, serine was degraded to CO2 and incorporated into protein at a lower rate in diaphragms of starved animals. However, the COs/protein ratio was unchanged. Although muscles of fed animals degraded glycine and proline to a slight extent, in muscles from fasting animals no oxidation of these compounds was detected. Leucine catabolism during starvation. To characterize the increase in oxidation of the leucine during starvation, the concentration dependence of leucine metabolism after a 3-day(fast was studied (Fig. 1) . The rate of leucine oxidation was significantly greater (P < .005) than that of fed controls at all leucine concentrations tested from 0.1 to 5.0 mM ( Table 4 ). The differences between fed and fasted animals were largest at the lower leucine concentrations (< 0.5 mM>, which correspond to the physiological levels of this amino acid in blood. (From the data for leucine concentrations above 0.5 mM, the maximal rate of leucine oxidation was computed using a Lineweaver-Burk plot. On this basis, the V,,, for this process in muscles from fasted animals was calculated to be 1.14 X 10v8 moles/mg per 90 min, which represented a 54 % increase (P < .O 1) above the value calculated for diaphragms from fed-animals.) In contrast to leucine catabolism, the incorporation of 1. Concentration dependence of leucine-1 J4C metabolism in diaphragms from fasted rats. Rats were fasted for 3 days prior to the experiment.
Quarter-diaphragms were incubated as described in 14C into protein reached a maximal level at low external concentrations of leucine in both fed (22) and fasted animals ( Fig. 1) . However, at all concentrations of leucine tested, the rate of incorporation into muscle protein from fasted rats was 50 % lower (P < .005) than from fed controls ( Table  4) . The leucine J4C recovered in the TCA-soluble pool increased in parallel with the external concentration and was identical in both groups of animals at all concentrations tested (Table 4) .
Glucose and amino acids were shown to inhibit oxidation of leucine-lJ4C by diaphragms from fed animals (22). However, in diaphragms of rats starved for 3 days, glucose had no significant effect on 14C02 production in several experiments (Table  5) , although the greater variability of the data on starved animals does not allow one to entirely rule out the possibility of a small inhibition. Amino acids at concentrations found in normal plasma (13) inhibited leucine oxidation in diaphragms of fasted animals (Table 5 ) to a similar extent as observed in diaphragms from fed animals (22). Also, as in the case with fed animals, the amino acids caused a small, but statistically significant, decrease in the label recovered in the TCA-soluble pool. Neither glucose nor amino acids significantly affected incorporation of labeled leucine into muscle protein as was also found in diaphragms of fed rats (22). Thus, no evidence has been obtained in these studies for the possibility that the nitrogen-sparing effect of glucose (21) (Fig. 2) . The incorporation of leucineJ4C, isoleucine, and valine into protein fell by about 40 % during the first 24 hr after removal of food, as has been reported by others (2 1 ), and subsequently decreased more gradually.
The decrease in incorporation paralleled the changes in body weight which also declined most markedly on the 1st day of food deprivation.
After 24 hr the catabolism of leucine, isoleu&e, and valine also appeared to fall 20-40 %, and this decrease was statistically significant for leucine oxidation. In addition, the total uptake of the branched-chain amino acids fell approximately 30 % (P < .005).
Although CO2 production and protein synthesis declined in parallel during the 1st day of fasting, by the 2nd day of fasting, oxidation rates of all three amino acids had risen 50-150 % above control levels, whereas their incorporation into protein continued to decrease. Incorporation into protein did not decrease further by the 3rd day of starvation, but catabolism of the branched-chain amino acids continued to increase to rates three-to fivefold greater than controls. This increase in oxidation rates was accompanied by a corresponding increase in total uptake of these amino acids into the diaphragm.
Despite the changes in 14C02 production, total uptake, and protein synthesis, the radioactivity recovered in the TCA-soluble pool did not change upon food deprivation.
To determine whether these changes in the metabolism of the branched-chain amino acids correlated with blood 7 . Metabolism of leucine-l-14C by dzyerent tissues of fed and fasted rats levels, plasma of the food-deprived rats was removed for an amino acid analysis. The results for the branched-chain amino acids are shown in Table 6 . On the day following Tissue removal of food, the plasma levels of both valine and isoleucine increased by 25 %, whereas leucine declined only slightly. By the 2nd day of fasting, plasma concentrations of all three amino acids fell 20-45 % below control levels ~a-and remained below control levels on the 3rd day of fasting.
phragm After a 3-day fast, food was returned to the animals and Liver Kidney , leucine metabolism rapidly returned to normal (Fig 3) . Brain Twenty-four hours after refeeding, protein synthesis was 97 % of the control value, whereas CO2 production was reduced from more than triple the control rate (P < .005) to only 20 % greater (P > . 10). The total uptake was also similar to controls within 24 hr. No further significant changes occurred 2 days after refeeding.
The marked increase in leucine catabolism by muscle after 3 days of food deprivation raised the possibility that similar changes might also occur in other organs. Slices of both liver, which catabolizes leucine relatively slowly, and brain, which rapidly degrades this amino acid (Z?), showed no significant changes upon starvation for 2 or 3 days ( Table   TABLE   6 . Plasma concentrations of branched-chain amino acids in fasting rats 7). On the other hand, slices of kidney, like the diaphragm, increased the rate of 14C0 2 production from leucine-l-14C more than twofold. At the same time incorporation of leucine into protein decreased in all tissues tested (Table 7) .
DISCUSSION
These experiments have demonstrated that for certain amino acids (leucine, valine, isoleucine, alanine, glutamate, and aspartate), oxidation is a major metabolic pathway in isolated skeletal muscle (Table  1) . For these amino acids catabolism to CO2 occurs at a comparable or even greater rate than incorporation into protein. These findings are in general accord with those of Manchester (17), although the rates of incorporation of the amino acids into protein observed in Table 1 appear significantly greater than in the earlier study. Previous studies of amino acid transport and protein metabolism in muscle have generally ignored the possibility of appreciable amino acid catabolism.
The present results may affect the interpretation of many earlier observations in this area (9, 15, 16, 27). For example, studies of the accumulation of the rapidly oxidized amino acids (Table 1) into skeletal muscle have failed to measure at least 25-60 % of the material taken up by the tissue. This fraction may be even larger in studies of muscles from physiological states in which the rate of amino acid oxidation increases, such as food deprivation (Tables 2 and 3 ). Extensive amino acid oxidation by skeletal muscle raises the possibility that amino acids may serve in this tissue as an important energy source. Traditionally muscle is believed to burn only glucose and fatty acids. The actual contribution of the amino acids to total energy production in the diaphragm under these conditions cannot be evaluated at the present without further information on the specific activities of the amino acids and their metabolites in the intracellular pools as well as on the total oxygen consumption, CO2 production, and lactate production of the tissue. For example, the present studies have probably seriously underestimated the actual rate of amino acid oxidation by the isolated tissues, since they have assumed that the specific activity of the intracellular 14C and 14C02 equaled that of the 14C in the medium .
The contribution of the amino acids to muscle energy metabolism in the intact animal is e&n more difficult to evaluate. The rate of catabolism of amino acids in muscle can be influenced by the extracellular concentration of the amino acids (Tables 4 and 5 ), glucose (22), and hormones (unpublished data), but the quantitative importance of these factors is yet to be evaluated. Although direct evidence is lacking, it appears likely that appreciable oxidation of these amino acids in muscle occurs in the intact organism. Using the data of Pozefsky et al. (25) on the release of amino acids by the human forearm muscle, we have calculated that the branched-chain residues are released at only onethird to one-half the rate that would be predicted from their frequency in protein. These calculations compared the rate of release of these amino acids with that of lysine, methionine, phenylalanine, threonine, tyrosine, tryptophan, and proline. Because the latter amino acids are not oxidized by muscle (Table 1 ) , their release presumably reflects the minimal amount of proteolysis occurring.
Thus, over half of the leucine, valine, and isoleucine derived from protein breakdown during an overnight fast appears to be catabolized within the muscle.
The liver has generally been assumed to be the primary site of amino acid catabolism in the body. In fact, liver degrades tryptophan, tyrosine, phenylalanine, histidine, lysine methionine, and threonine (19), all of which are not catabolized by muscle (Table 1) . However, the liver is relatively inactive in degrading leucine (Table  7 and (19)), isoleucine (19), or valine (20). In addition, Miller (19) has shown that the rate of oxidation of leucine, isoleucine, valine, glutamate, aspartate, glycine, and proline by anesthetized rats was not markedly reduced upon hepatectomy or evisceration. All of these amino acids, except glycine and proline, are degraded at a rapid rate by diaphragm (Tables 1  and 2 and (17)). S ince skeletal muscle constitutes almost half of the mass of the animal (12), it appears likely that this tissue is a major site for degradation of these compounds in the body (22) . Th e extrahepatic site primarily responsible for oxidation of glycine and proline is presently unclear. The findings in Tables 2 and 3 demonstrate that catabolism of the amino acids in muscle is likely to be of greater physiological import in fasting rats. This effect is most marked for leucine, isoleucine, and valine. CO2 production from these amino acids in diaphragm increased severalfold following food deprivation (Table 3) . Furthermore, in the muscles from starved rats the total uptake of these amino acids, unlike any of the others studied, was significantly greater than in controls, even though incorporation of all amino acids into protein decreased appreciably.
Greater uptake and greater oxidation of leucine were observed over a wide range of concentrations.
The increased 14C02 production could result from an increased transport of leucine into muscles of starved rats or from an enhancement of the muscle's ability to degrade this amino acid. If starvation only increased the rate of leucine transport, then both the intracellular concentration of 14C and the amount of 14C02 would be expected to increase in the tissues from starved rats. However, the label recovered in the TCAsoluble pools of muscles from fed and fasted rats was identical at all leucine concentrations tested (Table 4) . Although some increase in the leucine transport system is not excluded, these findings strongly suggest that food deprivation caused an adaptive increase in the muscle's capacity to degrade the branched-chain amino acids. Since the maximal rate of 14C0 2 production from leucine-1J4C in diaphragms of fasted rats appears significantly greater than that from controls (Table 4 ), it appears likely that starvation caused an alteration in the activity of either the transaminase for leucine (2, 29) or ar-ketoisocaproic acid dehydrogenase (5). Recent experiments (unpublished data) have in fact demonstrated that cell-free extracts from muscle or kidney of starved rats are more active in oxidizing leucinel-14C than extracts from tissues of fed animals. Experiments are in progress to determine whether either of these enzymes is induced or whether food deprivation affects certain cofactors or modulators of these reactions. Whatever the nature of the adaptation, it must be highly responsive to changes in the rat's nutritional status, since upon refeeding (Fig. 3 ) the capacity of the diaphragm to catabolize leucine returned to control levels within 24 hr.
It is interesting that the increased oxidation of the branched-chain amino acids occurred under conditions of decreased incorporation of the amino acids into proteins. In related studies, we have observed increased degradation of leucine by rat diaphragms in hypophysectomized (23) and diabetic rats (unpublished data) in which amino acid incorporation into muscle is also reduced. Althou.gh the changes in amino acid incorporation and catabolism thus appear to be correlated, the control of the changes in protein synthesis and leucine oxidation cannot be directly coupled. Certain hormones (e.g., insulin and glucocorticoids) can influence leucine incorporation without affecting its oxidation (unpublished data). In addition, the fall in protein synthesis upon food deprivation occurred sooner than the increase in leucine catabolism (Fig. 2) . Thus, the enhanced oxidation of the branched-chain amino acids in muscle appears to be a relatively slow response and was not observed in these small rats until 2 days after food deprivation.
By this time, 25 % of the animal weight and muscle mass, half of the liver mass, and most of the adipose tissue mass had been lost (unpublished observations).
Increased capacity to degrade leucine was only observed AND R. ODESSEY in the diaphragm and kidney slices (Table 6) . Neither liver ever, our results were obtained in the absence of other slices, whose basal rate of leucine oxidation was relatively amino acids, carbon sources, hormones, and the normal low, nor brain slicesj. which normally oxidize leucine quite circulation, all of which may influence alanine oxidation. rapidly, showed enhancement of 14C02 production from Since skeletal muscle probably represents the major site leucine upon starvation.
During starvation, muscle underof catabolism of the branched-chain amino acids in the goes net proteolysis and releases into the circulation amino body, it is likely that changes in the rate of degradation of acids, which in turn serve as substrates for gluconeogenesis these compounds in muscle would have profound effects on by the liver or kidney. However, unlike most of the amino the levels of these compounds in the blood. In the plasma of acids, leucine, valine, and isoleucine do not yield net synrats studied in Fig. 2 , levels of leucine, isoleucine, and valine thesis of glucose in either liver (26) or kidney (10). Recent were unchanged or above normal 1 day after food deprivastudies of livers of fasted rats (14) or humans (18) indicate tion and subsequently fell below control levels (Table 6 ). that although this organ accumulates nearly all amino acids, This initial rise in plasma levels may reflect the rapid deit actually releases the branched-chain amino acids into the crease in protein synthesis in muscle and other tissues (Fig.  hepatic vein. Net release of the branched-chain residues 2, Table 7 ) and possibly also an increase in tissue protein under conditions of net amino acid accumulation has also catabolism upon starvation. The subsequent fall in these been demonstrated in the perfused rat livers treated with three amino acids on the 2nd and 3rd days of starvation glucagon (14) from diabetic rats (19) and from uremic rats coincides with the increased capacity of the muscle to catab-(11). Thus, the metabolism of the branched-chain amino olize these compounds. Surprisingly, Adibi (1) has failed to acids during starvation appears to resemble more closely find a decrease in serum levels of leucine, isoleucine, and that of the ketone bodies (30), acetoacetate, and P-hydroxyvaline in fasted rats. His experiments used much heavier butyrate than that of the other amino acids. During fasting, animals (270-290 g) than those studied here (70-90 g). the branched-chain amino acids, like the ketone bodies (24, 30), are released by the liver and are oxidized at increased rates in muscle and kidney. These changes in metabolism of Such large animals may not increase their catabolism of leucine, isoleucine, and valine because of the greater stores of glycogen and lipid. the branched-chain amino acids may be another adaptation It is of interest that starvation in humans leads to an inithat helps to provide the energy requirements of muscle and tial rise and a subsequent fall in the plasma levels of the kidney upon food deprivation.
branched-chain amino acids (6). Furthermore, reduced The differences between the metabolism of the branchedlevels of these three amino acids is characteristic of malnutrichain amino acids and of alanine, glutamate, or aspartate tion (i.e., Kwashiorkor) in humans (8) and pigs (7). These suggest different physiological roles (Tables 2 and 3 ). The results may indicate that increased catabolism of the basal rates of oxidation of alanine, glutamate, and aspartate by muscle were the highest of all the amino acids tested, branched-chain amino acids in muscle also occurs during malnutrition in these species. although these rates do not increase markedly upon fasting. Alanine and glutamine can be synthesized by muscle, and
